2 NALCN (Na + leak channel, non-selective), UNC80 and UNC79 form a non-selective, 3 voltage-independent cation channel complex that affects a broad array of neuronal 4 activities. The molecular and neuronal mechanisms underlying the functions of the 5 NALCN complex remain unclear. In a screen for Caenorhabditis elegans mutants 6 with defective avoidance response to the plant hormone methyl salicylate (MeSa), 7 we isolated novel loss-of-function (lf) mutations in unc-80 and unc-79. unc-80 and 8 unc-79 lf mutants exhibited defective MeSa avoidance but wild type-like responses 9 to other odorants. Lf mutants of C. elegans nca/NALCN exhibited similar MeSa-10 specific avoidance defect, while lf mutants of the NALCN regulatory gene nlf-1 11 avoided MeSa like wild type. Using fluorescent transgenic animals, we identified a 12 subset of unc-80-expressing neurons. Neuron-specific transgene rescue and 13 knockdown experiments suggest that a subset of interneurons, primarily including 14 AVA, AVE and AVG, might play a necessary and sufficient role in mediating unc-80 15 regulation of the MeSa avoidance. We found that unc-79 was expressed in neurons 16 largely overlapping those expressing unc-80, which is supported by the rescue of 17 unc-80(lf) defects using an unc-80 transgene driven by an unc-79 promoter. We also 18 suggest that C. elegans locomotion responds more sensitively to the changes of 19 expression levels of NALCN-related genes than the MeSa avoidance does. 20 Together, our results identified NALCN-related genes as key regulators of the MeSa 21 avoidance behavior and provided novel genetic and neuronal insights into the 22 function of the NALCN channel complex.
1
In mammalian cells, NALCN channel can be regulated by G protein-coupled receptor 2 TACR1, Src kinases [26] , a [Ca 2+ ]-sensing G protein-coupled receptor [27] and the 3 M3 muscarinic receptors (M3R) [28] . In C. elegans, NCA channels function 4 downstream of the Gq-Rho pathway [29] , can be negatively regulated by dopamine 5 through the D2-like dopamine receptor and may interact with the SEK-1 6 p38 MAPK pathway [31] . Studies in C. elegans, Drosophila and mice identified the conserved proteins UNC79 9 and UNC80 (orthologs of C. elegans UNC-79 and UNC-80, respectively) as key 10 regulators the NALCN channel [19, 20, [22] [23] [24] 26, 27, [32] [33] [34] . In C. elegans, loss-of-11 function (lf) mutants of unc-79 or unc-80 phenocopy nca-2(lf); nca-1(lf) double 12 mutants [19, 20, 22, 23, 25] . At the molecular level, unc-79 and unc-80 are required for 13 the proper expression and axonal localization of NCA channels [19, 20, 23] . In 14 Drosophila, lf mutations in unc79, unc80 or NALCN cause indistinguishable defects 15 in circadian locomotion rhythmicity [32] and similarly abnormal responses to 16 halothane [19] . In mice, UNC79 and UNC80 are required for NALCN channel activity 17 [26, 27] . Recently, an ER-associated protein, NLF-1, was found to promote axonal 18 localization of NCA channels in C. elegans [35] . The Drosophila ortholog of NLF-1 is 19 required for the regulation of circadian neuron excitability [5] . 20 21 We previously found that C. elegans exhibits a strong avoidance response to the 22 plant hormone methyl salicylate (MeSa) and multiple neuronal genes can affect this 23 behavior [36] . To identify new genes involved, we screened for mutants with 24 defective MeSa avoidance. Surprisingly, the screen isolated novel lf mutations in 25 unc-80 and unc-79. In this study, we examined how nca, unc-79, unc-80 and nlf-1 6 1 affect C. elegans avoidance to MeSa and locomotion. We also identified a subset of 2 neurons that expresses unc-80 and analyzed the roles of these neurons in mediating 3 unc-80 functions. Our findings provide novel genetic and neuronal mechanisms for 4 understanding the regulation and function of the NALCN channel complex. Results 2 A screen identified mutants with defective MeSa avoidance response 3 To identify novel genes required for the MeSa avoidance behavior, we performed a 4 genetic screen for mutants that failed to avoid MeSa. The screen isolated 15 lines 5 (Fig. S1A ). Genetic complementation tests divided the mutations to three groups 6 (Table S1). To investigate whether the mutants had defects in avoiding MeSa specifically or 9 sensing odorants in general, we examined a representative in each complementation 10 group for chemotaxis (Table S1 , mac379, mac383 and mac387, respectively). 11 mac379 and mac383 mutants exhibited wild type-like responses (Fig. S1B) to 12 repelling odorants 1-octanol and 2-nonanone, and attractive odorants diacetyl and 13 benzaldehyde [37] , suggesting that these mutants might carry MeSa-specific 14 defects. The third mutant, mac387, was defective in detecting each odorant (Fig. 15 S1B). We postulate that mac387 might cause broad defects in chemotaxis and did 16 not further analyze it. To identify the causal mutations leading to the MeSa avoidance defect, we 21 determined the genomic sequences of mac379, mac382 and mac388 mutants from 22 group 1 and mac383 from group 2 (Table S1). A comparison of candidate genes 23 found that unc-80 was the only affected gene shared by mac379, mac382 and 24 mac388, with W1524stop, W220stop and W1967stop as the respective nonsense 25 mutations (Table S1 ). Besides W1524stop, mac379 also carried a missense 8 1 mutation (G927R) in unc-80 ( Fig. S2A and Table S1 ). Sanger sequencing identified 2 distinct nonsense or splice site mutations in unc-80 from other mutants of group 1 3 (Table S1 ).
5
Meanwhile, we identified an R885stop mutation in unc-79 among the candidate 6 genes for mac383 (group 2) (Table S1 and Fig. S2B ). Considering that unc-80 and 7 unc-79 interact with nca to affect C. elegans behavior [19, 20, 23] , we speculated that 8 unc-79 might be the causal gene of mac383. Indeed, Sanger sequencing identified 9 distinct deletion/frameshift mutations in unc-79 from mac389 and mac393 mutants of 10 group 2 (Table S1 ).
12
To verify that unc-79 is required for the MeSa avoidance behavior, we performed 
16
Driven by a short promoter ( Fig. 1A , P S unc-79a, 2.0 kb), the unc-79a gDNA 17 transgene only recued the defective MeSa avoidance but not the defective 18 locomotion ( Fig. 1B) . We also examined a shorter unc-79 isoform, unc-79b ( Fig. S2B   19 and 1A, Punc-79b), and found that it failed to rescue either defective behavior (Fig. 20 1B).
22
Similarly, an unc-80 gDNA transgene that covers all annotated unc-80 isoforms (Fig. 23 S2A) driven by an unc-80 endogenous promoter ( Fig. 1A , Punc-80, 3.6 kb) can 24 significantly rescue the defective locomotion and MeSa avoidance of unc-9 1 80(mac379) mutants ( Fig. 1B) . Compared to the completely rescued MeSa 2 avoidance, the defective locomotion was only partially rescued ( Fig. 1B) .
3 4 unc-79 and unc-80 lf mutants are hypersensitive to the anesthetic halothane and 5 exhibit the "fainter" phenotype [19, 20, 23, [38] [39] [40] [41] . Similar "fainter" phenotype was 6 observed in all unc-80 and unc-79 mutants isolated in this study (unpublished 7 observation). In addition, unc-79(e1291) and unc-80(e1272) animals, two previously 8 described lf mutants [20] , exhibited defective MeSa avoidance resembling that of 9 unc-79(mac383) or unc-83(mac379) mutants (unpublished observation). Together, 10 these results suggest that unc-79 and unc-80 are required for C. elegans MeSa 11 avoidance behavior and we isolated lf mutations in unc-79 and unc-80. 12 13 nca-1 and nca-2 were redundantly required for the MeSa avoidance response 14 C. elegans nca-1 and nca-2 encode functionally redundant NALCN channels 15 [19, 20, 23, 40] . To investigate whether nca is required for the MeSa avoidance 16 behavior, we examined nca single mutants and double mutants. We found that either 17 nca-1(gk9lf) or nca-2(gk5lf) single mutants exhibited wild type-like MeSa avoidance 18 ( Fig. 1C ), while nca-2(lf); nca-1(lf) double mutants were strongly defective in avoiding 19 MeSa ( Fig. 1B and 1C ). An nca-1 gDNA transgene ( Fig. 1A, Pnca-1) , an nca-2 20 gDNA transgene ( Fig. 1A , Pnca-2), or both transgenes together can strongly rescue 21 the defective MeSa avoidance of the double mutants ( Fig. 1B) . Though all nca 22 transgenes also significantly rescued the locomotion defect, the two nca transgenes 23 together appeared to have a stronger effect than either transgene alone ( Fig. 1B) .
24
Similar to unc-79(lf) or unc-80(lf) mutants, nca(lf) double mutants exhibited normal 25 responses to other attractants and repellents ( Fig. S1B ). A gain-of-function (gf) mutation in nca-1, e625, causes the "coiler" phenotype [23] .
3
To understand how unc-79 or unc-80 interacts with nca-1(e626gf) in affecting the 4 MeSa avoidance, we generated double mutants. Consistent with previous findings unc-79(lf) or unc-80(lf) completely suppressed the "coiler" phenotype of the nca-6 1(gf) mutants (unpublished observation). The double mutants also exhibited 7 defective MeSa avoidance (Fig. 1C ). The ER protein NCA localization factor-1 (NLF-1) is required for axonal localization 10 of NCA proteins [35] . To examine whether nlf-1 is required for the MeSa avoidance, 11 we generated three nlf-1 deletion lines (Table S2 ) using a CRISPR/Cas9 method 12 [42] . Taking nlf-1(mac409) as a representative lf allele (Fig. 1C ), we found that nlf-13 1(lf) itself, or together with nca-1(lf), nca-2(lf) or nca-1(gf), did not cause apparently 14 defective MeSa avoidance (Fig. 1C ). We did observe that nlf-1(lf) suppressed the 15 "coiler" phenotype of nca-1(gf) mutants (unpublished observation), consistent with 16 previous findings [35] .
18
To understand how these mutations affect C. elegans locomotion, we further 19 compared the body bends of the mutants (Materials and Methods). unc-79(lf) and 20 unc-80(lf) single mutants, or double mutants carrying either unc-79(lf) or unc-80(lf), 21 all exhibited severely defective locomotion (Fig. 1C ).
23
Interestingly, nca-1(lf) single mutants exhibited weakly defective locomotion, while 24 nca-2(lf) single mutants were moderately defective (Fig. 1C ). nca(lf) double mutants 11 1 had severely defective locomotion similar to that of unc-79(lf) or unc-80(lf) mutants 2 ( Fig. 1C ).
3 4 nlf-1(lf) mutants exhibited a moderately defective locomotion, which can be 5 enhanced by nca-1(lf) or nca-2(lf) (Fig. 1C ). However, the defective locomotion of nlf-6 1(lf) mutants appeared to be partially improved by nca-1(gf) (Fig. 1C ). To date, the identities of neurons expressing unc-80, unc-79 or nca remain elusive.
10
To understand the neuronal mechanism underlying the function of unc-80, we 11 generated transgenic animals expressing GFP driven by Punc-80 ( Fig. 1A ). In these 12 animals, GFP was observed in multiple neurons, ventral nerve cord and vulval 13 muscles ( Fig. S3A) . A similar expression pattern has been described previously 14 [20, 23] . Table S3 ) [43] , we observed visible GFP expression in AVA, AVE and AVG 20 neurons ( Fig. 2A , right panel) but no obvious expression in AVD and RIM neurons, 21 two classes of neurons reported to be labeled also by Pnmr-1. A neuron similar to 22 RIH appeared to be consistently labeled by GFP and mCherry as well ( Fig To examine whether unc-80 might be effective in a subset of neurons, we used the 21 nmr-1 promoter (Table S3 ) to drive the unc-80 cDNA transgene. The Pnmr-1::unc-80 22 transgene significantly rescued the defective MeSa avoidance but not the defective 23 locomotion of unc-80(lf) mutants ( Fig. 3A, Pnmr-1) . The glr-1 promoter (Table S3) 24 [46] , which is supposed to drive transgene expression in AVA, AVE and AVG 13 1 neurons that are also labeled by Pnmr-1, similarly rescued the defective MeSa 2 avoidance but not the defective locomotion (Fig. 3A , Pglr-1).
4
To determine whether unc-80 might be effective in a smaller set of neurons, we 5 tested three other promoters, flp-1, flp-18 and unc-7b (Table S3 ) [47] [48] [49] , which label 6 AVA/AVE, AVA, and AVG neurons, respectively. The three unc-80 transgenes driven 7 by each individual promoter, when injected together, can significantly rescue the 8 defective MeSa avoidance but not the defective locomotion of unc-80(lf) mutants 9 ( Fig. 3A , . However, each transgene by itself failed to rescue 10 either defective behavior ( Fig. 3A , . The mgl-1 promoter, 11 which drives overlapping expression with unc-80 in RMD, I3, I4 and NSM neurons 12 ( Fig. 2B, 2C and 2D), also failed to rescue either defective behavior (Fig. 3A , Pmgl-13 1). As a negative control, the sra-11 promoter did not rescue the defective behavior 14 either ( Fig. 3A , Psra-11), consistent with our finding that its expression did not 15 obviously overlap that of unc-80 ( Fig. S4B ).
17
To understand whether unc-80 expression in specific neurons is essential for its 18 function, we used a CRISPR/Cas9-based method [50] to examine whether neuron-19 specific knockdown of unc-80 would phenocopy the behavioral defects of unc-80(lf) 20 mutants.
22
Transgenic animals expressing two unc-80-targeting sgRNAs (Table S4 ) and Cas9 23 driven by the pan-neuronal unc-119 promoter (Table S3) [51] exhibited obviously 24 defective locomotion ( Fig. 3B, Punc-119 ). Limiting the expression of Cas9 to a 25 subset of interneurons, e.g., AVA, AVE and AVG, using the nmr-1 promoter also 14 1 caused defective locomotion ( Fig. 3B , Pnmr-1). However, Punc-80::Cas9 failed to 2 cause obviously defective locomotion (Fig. 3B, . We postulate that the 3 expression of Punc-80::Cas9 might not be strong enough in disrupting the unc-80 4 locus in these animals. S3D), which we consider to be non-specific as P L unc-79::GFP was not detected 19 there ( Fig. S3C ).
21
To investigate whether unc-79 and unc-80 were co-expressed, we generated In P S unc-79::GFP transgenic animals, we found that GFP co-labeled ASH and ASJ 12 that were also stained with DiI (Fig. 5A ). The expression of P S unc-79::GFP ( We next used the CRISPR/Cas9 knockdown to investigate the function of unc-79 in 2 neurons. Transgenic animals expressing two unc-79-targeting sgRNAs (Table S4) 3 and Punc-119::Cas9 exhibited significantly defective locomotion ( Fig. 3B, Punc-119 ).
4
Cas9 driven by the long or short unc-79 promoter also caused defective locomotion 5 ( Fig. 3B , P L unc-79a and P S unc-79a). However, none of the unc-79-knockdown lines 6 exhibited obviously defective MeSa avoidance ( Fig. 3B, red columns) , which is 7 similar to unc-80-knockdown animals. In this study, we provide genetic evidence that unc-79, unc-80 and the nca genes We found that C. elegans nca, unc-79 and unc-80 lf mutants exhibited similar MeSa-18 specific avoidance defects, while these mutants had similar wild type-like responses 19 to other repellents or attractants ( Fig. 1C and S1B ). unc-79 and unc-80 were co-20 expressed in multiple neurons (Fig. 4) . Consistently, an unc-80 cDNA transgene 21 driven by the long unc-79 promoter can significantly rescue the defects of unc-80(lf) 22 mutants ( Fig. 3A) . Therefore, our findings provide novel genetic and neuronal The transgenic rescue and knockdown experiments suggest that unc-80 expression 2 in interneurons AVA, AVE and AVG might be sufficient and necessary for the MeSa 3 avoidance ( Fig. 3 The nca, unc-80 and unc-79 lf mutants exhibited MeSa-specific defective avoidance 5 but had wild type-like responses to other repellents or attractants (Fig. S1B ). This 6 difference implies that C. elegans might express a MeSa-specific receptor.
7
Previously, the human TRPV1 channel was shown to be inhibited by MeSa [60] . 8 However, the wild type-like response to MeSa by two TRPV channel mutants (osm-9 9 and ocr-2) [36] and the finding that all five TRPV channel expression was not It is interesting that nca single mutants exhibited partially defective locomotion but 23 largely normal MeSa avoidance (Fig. 1C) , so did the nlf-1(lf) mutants (Fig. 1C ).
24
Similarly, Neuron-specific knockdown of unc-79 or unc-80 significantly affected the 25 locomotion but not the MeSa avoidance (Fig. 3B ). Furthermore, unc-80 transgenes 20 1 driven by nmr-1, glr-1 or flp-1/flp-18/unc-7b promoters significantly improved the 2 MeSa avoidance but not the locomotion of unc-80(lf) mutants (Fig. 3A) . Though 3 puzzling, we may find that a common feature of these strains is their similarity to 4 partial loss-of-function mutants, because these animals express nca, unc-79 or unc-5 80 at levels between that of null mutants and wild type. Hence, compared to the 6 MeSa avoidance, the locomotion behavior appears to be more dependent on the 7 expression levels of these genes, suggesting that it provides a more sensitive assay 8 for analyzing the functions of nca-related genes. The short unc-79a promoter (P s unc-79a) exhibited a more limited expression pattern, 11 similar to what was mentioned previously [19] . P s unc-79a was capable of rescuing 12 the defective MeSa avoidance of unc-79(lf) mutants (Fig. 1B) . However, when 13 driving an unc-80 cDNA transgene, this promoter failed to obviously rescue unc-14 80(lf) mutants (Fig. 3A) . Such a difference might reflect the non-overlapping 15 expression of P s unc-79a with Punc-80 (Fig. S4D) . Alternatively, it might be caused 16 by the structure of the transgenes. To rescue unc-79(lf) mutants, P s unc-79a was 17 driving an unc-79a gDNA transgene (Fig. 1A) , while to rescue unc-80(lf) mutants, the 18 promoter was driving an unc-80 cDNA transgene (Fig. 3A) . In the formal situation, 19 the unc-79 gDNA transgene might carry transcriptional regulatory elements that can 20 compensate the limited expression of P s unc-79a. However, in the latter situation, the 21 unc-80 cDNA transgene would not carry compensating regulatory elements and 22 would be insufficient for the rescue. Nevertheless, more experiments are needed to 23 determine whether the expression pattern of the short unc-79 promoter provides a 24 neuronal mechanism underlying certain unc-79 functions. In short, we found that unc-79, unc-80 and nca genes are required specifically for C. Synchronized L4 wild-type animals (P 0 ) were mutagenized with EMS (ethyl methane 21 sulfonate) as described [66] . F 1 progeny were allowed to grow to young adults and 22 bleached to generate synchronized F 2 progeny for the MeSa avoidance assay. Adult 23 F 2 animals that failed to avoid MeSa were collected from each individual plate and 24 bleached to generate synchronized adult F 3 progeny for a new round of MeSa assay.
25
After six rounds of selection, an individual F 7 progeny that failed to avoid MeSa was 23 1 picked from each plate, allowed to propagate and retested in the MeSa avoidance 2 assay. From ~60,000 F 1 animals, we isolated 15 independent mutants. Genetic complementation tests using the response of F 1 males to MeSa as readout 5 identified three distinct groups, with group one containing 11 mutants (mac379, 6 mac380, mac381, mac382, mac384, mac385, mac386, mac388, mac390, mac391, 7 mac394), group two containing three mutants (mac383, mac389, mac393) and group 8 three containing one mutant (mac387) ( Table S1 ). We selected mac379, mac382 9 and mac388 from group one, and mac383 from group two for genomic sequencing 10 as described [67] . Sequencing results indicated that mac379, mac382 and mac388 11 carried distinct nonsense mutations in the unc-80 gene and mac383 carried a 12 nonsense mutation in unc-79. The mac387 mutation in the third complementation 13 group was not further analyzed, as it appeared to affect general chemotaxis of C. 14 elegans (Fig. S1B) . Table S5 .
19
Transgene experiments 20 Germline transgene experiments were performed as described [68] . Table S2 . List nlf-1 deletion mutations generated using the CRISPR/Cas9 10 method. 43 1 2 mac409 was used as reference lf allele in this study. nlf-1 sgRNA target sequence is 3 shown in Table S4 . Table S3 . List of neuron-specific promoters and the classes of neurons labeled 6 by each promoter. Table S4 . sgRNA target sequences in nlf-1, unc-80 and unc-79 for generating 2 genomic lesions using the CRISPR/Cas9 method. 3 4 sgRNAs were designed using sequence searches at http://cistrome.org/SSC/. Table S5 . List of PCR primers for amplifying the indicated fragments. 
